Abstract-Following an introduction to the history of the invention of the quantum cascade (QC) laser and of the band-structure engineering advances that have led to laser action over most of the mid-infrared (IR) and part of the far-IR spectrum, the paper provides a comprehensive review of recent developments that will likely enable important advances in areas such as optical communications, ultrahigh resolution spectroscopy and applications to ultrahigh sensitivity gas-sensing systems. We discuss the experimental observation of the remarkably different frequency response of QC lasers compared to diode lasers, i.e., the absence of relaxation oscillations, their high-speed digital modulation, and results on mid-IR optical wireless communication links, which demonstrate the possibility of reliably transmitting complex multimedia data streams. Ultrashort pulse generation by gain switching and active and passive modelocking is subsequently discussed. Recent data on the linewidth of free-running QC lasers ( 150 kHz) and their frequency stabilization down to 10 kHz are presented. Experiments on the relative frequency stability ( 5 Hz) of two QC lasers locked to optical cavities are discussed. Finally, developments in metallic waveguides with surface plasmon modes, which have enabled extension of the operating wavelength to the far IR are reported.
I. INTRODUCTION THE INVENTION AND DEVELOPMENT OF QUANTUM CASCADE (QC) LASERS
narrow linewidth operation, and far-infrared (IR) structures. For previous reviews of QC lasers, readers are referred to [1] - [10] .
As authors of the opening paper of this Feature Issue on QC lasers, we were asked to present a brief history of this topic in the context of band-structure engineering. For schematics of energy diagrams of many of these milestone developments, readers are referred to Fig. 1 of the paper in this issue by Faist et al. QC lasers were invented and first demonstrated by the Bell Labs groups of Federico Capasso and Al Cho in 1994 [11] , [12] . Research and development has since progressed very rapidly and QC lasers are presently commercially available from two companies, AOI and Alpes Lasers, to whom Lucent Technologies has licensed its QC laser technology. Physical Sciences Inc. has developed sensor products for combustion diagnostics and environmental sensing. These and related commercial developments of QC lasers are discussed in a recent paper [13] . In particular, it is marketing QC laser-based sensors for CO and NO with sensitivities of 10 parts per billion in volume.
This breakthrough arrived at end of nearly a decade of research on quantum electron devices and engineered structures grown by molecular beam epitaxy (MBE), primarily in the AlGaAs-GaAs and AlInAs-InGaAs material systems, carried out at Bell Labs, which in turn relied on earlier research on quantum wells and superlattices (SL).
Shortly after Esaki's and Tsu's seminal paper on the SL concept [14] , Kazarinov and Suris of the Ioffe Institute in Leningrad (now St. Petersburg) proposed in 1970 that by applying a suitable voltage across a SL (with electronic states localized in the quantum wells), one could obtain light amplification by photon-assisted tunneling at a photon energy equal to the energy mismatch between the ground state of a quantum well and an excited state of the adjacent downstream conduction band quantum well [15] . This proposal contained the key notion of a new coherent IR source based on intersubband transitions in quantum wells and tunneling injection, which allows cascading of many identical stages so that an electron generates as many photons as the number of stages in traversing the device. For the QC laser to become a reality, however, major design innovations at the material and device levels had to be 0018-9197/02$17.00 © 2002 IEEE introduced, along with the availability of suitable high-quality heterostructures grown by MBE.
In 1974, the existence of discrete energy levels in semiconductor quantum wells grown by MBE had been definitely established in the optical absorption experiments of Dingle, Henry, and Wiegmann at Bell Labs [16] .
The 1980s led to the notion of band-structure engineering, whereby complex electronic materials and solid-state devices with novel transport and electrical properties could be designed at will using semiconductor heterostructures [17] . Among the latter the concept of an energy staircase created by applying an electric field to a compositionally graded saw-tooth heterostructure [18] played a central role in the design of the QC laser.
Novel devices that utilize size quantization for their operation were demonstrated. Among the latter, one should cite quantumwell lasers, integrated quantum-well electroabsorption modulators and lasers, and high electron mobility transistors, all of which have made a major commercial impact, enabling highbandwidth lightwave and wireless communications.
The demonstration of resonant tunneling at terahertz frequencies by Sollner and coworkers at Lincoln Laboratory [19] in 1983 provided momentum for device applications based on this phenomenon. Capasso, Cho, Sivco, and their coworkers initiated research on resonant tunneling in 1985 and focused on AlInAs-GaInAs in their quest for new high-performance electronic and photonic devices. This material combination is particularly well-suited for resonant tunneling due to the low effective mass of the barrier material (
) and the large conduction band discontinuity, making it possible to achieve high current densities at room temperature with high peak-to-valley current ratios. In 1987, the Bell labs scientists demonstrated sequential resonant tunneling through a multiquantum well SL structures of many periods [20] , of the type analyzed in the theoretical paper of Kazarinov and Suris [15] . In subsequent years, they demonstrated the first resonant tunneling bipolar transistors [21] and many related circuit applications [22] .
Around the same period Barry Levine, Clyde Bethea, and coworkers at Bell Labs demonstrated quantum-well IR detectors (QWIP) based on bound-to-continuum intersubband transitions in quantum wells [23] . Giant optical nonlinearities based on intersubband transitions and the physics of bound-to-continuum intersubband transitions were also demonstrated in the AlInAs-GaInAs system [24] - [27] .
Many attempts to demonstrate intersubband lasers had occurred during the 1980s, which by the early 1990s had been mostly abandoned. A discussion of proposals related to these efforts is contained in a previous review paper [5] . At Bell Labs, work on making such an electrically pumped source started in 1991 after Jerome Faist joined Capasso's group. Success came early in 1994. The original structure, grown by Cho and Sivco by MBE in the AlInGaAs system, was based on doped electron injectors alternated with active regions designed as a three-coupled quantum-well structure, the two upper states of which define the optical transition [11] , [12] . To prevent injected electrons from tunneling out into the continuum states above the wells, the laser transition was designed to be diagonal in real space, with the state centered in the well closest to the injection barrier and the state in the middle well. Furthermore, to efficiently (i.e., with a subpicosecond relaxation time) empty the level of electrons, the state of the active region was separated from the latter by an optical phonon energy, for an electric field corresponding to resonant tunneling injection into the level. This phonon resonance is a mainstay of all QC laser designs utilizing intersubband transitions.
The limits of this design (relatively small optical matrix element and non homogeneous broadening of the intersubband transition associated with interface roughness, both due to the diagonal nature of the transition) were circumvented by designing a so called vertical transition double-quantum-well structure. In this design, the wavefunctions of the initial and final states of the optical transition have strong spatial overlap and tunneling into the continuum is suppressed by an electron relaxation region (which is also the injector for the subsequent stage) designed as an electron Bragg reflector [28] , [25] . The latter is designed as an SL, in which the first minigap faces the state, thus preventing electron escape, and the first miniband faces the state to allow electron extraction from the latter. This design, further refined by the addition of a third well in the active region, together with the use of the InP substrate as the lower waveguide cladding, led to the demonstration of room-temperature pulsed QC lasers (a 5-m wavelength device) in 1996 [29] . Operation at longer wavelengths ( 8 m) was achieved by suitably scaling the vertical transition design [30] , [31] . For even longer wavelengths, it is advantageous to design the optical transition to be more "diagonal" in character, in order to ensure a large population inversion, since the scattering rate of electrons between the levels of the intersubband optical transitions increases with wavelength [32] . By using strained-layer AlInAs-GaInAs active and injectior regions, with compensation between compressive and tensile strain in each period, which allow larger band discontinuities, the operation of the vertical transition design has been extended to wavelengths as short as 3.4 m [33] .
In 1997, the Bell Labs group invented and demonstrated a SL active region QC laser in which the optical transition is between broad SL minibands [34] . The high current carrying capability of the latter makes it possible to achieve higher optical powers in SL active region QC lasers, for the same number of stages. Other advantages of this design are: the population inversion is automatically guaranteed by the large ratio of the interminiband-to-intraminiband relaxation times, the alignment between the states of injector and the active region is less critical for good electrical injection, and the optical matrix element is larger than in the coupled quantum-well designs previously discussed.
In the original SL design, the active region was doped to suppress field penetration into the active region that would prevent miniband formation by decoupling the states of adjacent wells. The drawback is that this results in high thresholds due to broadening. To circumvent this problem, an undoped SL active region design (chirped SL) with a spatially varying barrier and well thickness was introduced by the Bell Labs group, in which the electronic states are localized in the absence of an applied bias [35] . Under the application of an electric field of the appropriate magnitude, the states of the different wells are brought into resonance and hybridize, thus becoming extended and forming minibands. This breakthrough allowed pulsed room-temperature op-eration with relatively low threshold and peak optical powers of hundreds of milliwatts. The undoped SL active-region design has been very fruitful in extending laser action to long wavelengths (24 m) [36] . Very recently, Alessandro Tredicucci and his group at the University of Pisa demonstrated the first terahertz QC laser, emitting at m [37] . Two other innovations in SL QC laser designs are worth mentioning, which have experimentally shown potential for improved performance. In one of these, the "injectorless" QC laser, the requirement of using injector regions to transport electrons from the lower laser level and other low-lying energy levels of one active region to the upper laser level of the next electron-downstream active region was eliminated by using an appropriately designed double-quantum-well "chirped" SL active region [38] . The major advantage of the "injectorless" QC laser is the close packing of the active regions and the concomitant large optical confinement factor. In the other effort, led by Gaetano Scamarcio of the University of Bari, improved performance of SL QC lasers with a novel injector design that allows the injection of electrons into high energy states of the excited miniband, was reported [39] . High slope efficiency over a current range six times larger than the laser threshold and record slope efficiency per stage were demonstrated.
Two recent band-structure engineering advances by Faist's group at the University of Neuchatel include a double-phonon resonance three-quantum-well active region structure [40] that has enabled room-temperature CW operation [41] , and the so-called bound-to-continuum design, which has made possible high duty cycle, high average power operation near room temperature [42] . These important advances are described in the paper by Faist et al. in this issue.
Other engineered QC laser structures that address specific applications have been reported and are worth mentioning here. Laser action by photon assisted tunneling in a strongly diagonal optical transition device was demonstrated [43] . This design permits broad electric field tuning due to the Stark effect. A suitably modified related design was used by Gmachl et al. to demonstrate a bi-directional QC laser in which the wavelength changes with bias polarity [44] . Simultaneous dual-wavelength operation has been demonstrated in a SL active region QC laser [45] and more recently by cascading two QC laser structures designed for emission at different wavelengths [46] . In the review by Gmachl et al. of this issue the performance of multiwavelength QC lasers including a new design that has allowed simultaneous laser emission over a broad continuum of wavelengths (supercontinuum QC laser) is discussed [47] .
Along with bandstructure engineering, innovations in waveguide design have played an important role in making possible laser action at m. At these wavelengths the waveguide must be redesigned to maintain a high optical confinement and reduce optical losses resulting from the metal contact, without using a prohibitively thick cladding layers. This is achieved by introducing between the upper cladding and the metal contact a suitably doped layer [30] . To increase the optical confinement, the doping level must be such that the plasma frequency approaches but remains lower than the laser frequency. The refractive index n of this layer is then strongly reduced down to values near or below unity, a manifestation of the well-known anomalous dispersion near . This design also decouples the propagating TM-polarized laser mode from the surface plasmon, i.e., the electromagnetic mode at the interface between the metal contact and the semiconductor, significantly reducing losses at longer wavelengths.
At even longer wavelengths ( m), a metal semiconductor waveguide is preferable to achieve reasonably low thresholds and even essential in the far-IR ( m). In this waveguide, the optical modes are surface plasmons propagating at the interface between the top metal and the active region stack [48] ; a much smaller material thickness is needed than in conventional dielectric waveguides while a near-unity confinement factor is achieved without increasing the optical losses [49] .
The development of single-mode QC lasers has been essential for spectroscopic applications such as chemical sensing and trace gas analysis. Single-mode operation is achieved using a suitably designed grating satisfying the Bragg reflection condition for a wavelength within the gain spectrum. These distributed feedback (DFB) QC lasers, reviewed in the companion paper of Gmachl et al. of this issue, have allowed the detection of gases at levels of a few parts per billion in volume. For a review of the sensor and spectroscopy applications of QC lasers, see the paper by Kosterev and Tittel in this issue.
By the very nature of their operating principle, the wavelength of QC lasers is largely independent of the choice of material as long as the conduction-band discontinuity is large enough to accommodate a broad range of wavelengths. Carlo Sirtori and his group at Thales have been the first to demonstrate AlGaAs-GaAs QC lasers. Their milestones have included room-temperature pulsed operation, as well as single-mode DFB-QC lasers. These important advances and other related developments are reviewed in the paper by Sirtori and his group in this issue.
Finally, we would like to mention the greater than unity differential efficiency of QC lasers, which is a manifestation of the creation of (number of stages) photons by electrons corresponding to the excess current above threshold and leads to the high power characteristic of such devices. It can also be achieved by cascading identical stages of type-II heterostructures in which the photon is created by an electron tunneling into valence band hole states. These devices are reviewed in the paper by Yang and coworkers in this Feature Issue.
II. HIGH-SPEED MODULATION

A. Small-Signal Frequency Response: Absence of Relaxation Oscillation Resonance
A unique feature of QC lasers is their ultrafast carrier relaxation lifetime, which is dominated by electron-optical phonon scattering (which occurs on a picosecond time scale). In conventional semiconductor lasers, which are based on interband transitions, on the other hand, the intrinsic carrier lifetime is on the order of a few nanoseconds; even slower relaxation time constants are found in most other laser systems. This property makes QC lasers ideally suited for high-speed operation. In previous papers [2] , [4] , we have reviewed their gain switching [50] and mode-locking [51] , [52] .
It is well known that the transient response of any laser to a change in its pumping conditions (e.g., the drive current in a semiconductor laser) is determined by the interplay between the dynamics of the population inversion and that of the laser field [1] . In particular, both quantities respond to such a change by undergoing coupled damped oscillations toward their steady-state values, with the damping mechanism provided by stimulated emission and gain saturation. These so-called relaxation oscillations produce a resonance enhancement of the laser modulation response at their characteristic frequency . Furthermore, the modulation response becomes increasingly weaker as the drive frequency is increased.
The situation is radically different in QC lasers, because in these devices the relaxation of the carrier density to equilibrium is dominated by phonon scattering. Since this is an ultrafast mechanism, transient oscillations of the population inversion, and hence of the photon density, are overdamped, and no resonance will, therefore, appear in the frequency response [5] , [54] . The modulation dynamics of QC lasers is to a large extent simply limited by their picosecond carrier lifetime, so that intrinsic bandwidths in excess of 100 GHz can be obtained [5] , [54] .
In order to put the above discussion in a quantitative framework, we first recall that the "textbook" laser modulation response is characterized by two poles at the following complex frequencies 1 [53] (1) where lifetime of the upper laser state; photon lifetime; speed of light in vacuum; differential gain; modal refractive index; intracavity photon density in the lasing mode [the quantity ) is often referred to as the stimulated emission lifetime ]. The above expression is quite general, provided that the lower laser state has a negligible population, an assumption that is quite valid in QC lasers. In interband semiconductor lasers, the second term in the square root is negligible, so that the two poles of (1) have a nonzero real part. Correspondingly, a resonance is introduced in the modulation response at the frequency (the relaxation oscillation frequency). In contrast, in QC lasers, due to their ultrashort carrier lifetime , the second term in the square root of (1) typically dominates, so that the two poles are purely imaginary and no such resonance exists.
The intrinsic cutoff frequency in QC lasers is then given by , and is maximized by decreasing the lifetimes , , and . The latter is inversely proportional to the output power and, therefore, is minimized by operating the laser well above threshold. The photon lifetime is typically , and can be decreased for instance by shortening the cavity length. An important limit is obtained in the case , where is equal to . Using a typical calculated value ps, this gives GHz. Even larger bandwidths can be achieved by further decreasing the carrier Fig. 1 . CW bias-to-current and light output-to-current characteristics of one of the QC lasers tested for the small-signal modulation response at 20 K. The light is collected from one facet with 70% efficiency. Inset: schematic cross-section of the QC laser waveguide. The shaded areas, in order of increasingly darker shading, represent the Ge Se layer, the active material, the metal contact, and the cladding regions. The capacitance and resistance symbols indicate the main chip parasitics limiting the laser high-frequency response.
lifetime, e.g., by increasing the wavefunction overlap between the upper and lower laser states, as in superlattice active regions. Incidentally, while the above limit does not always apply to high-performance QC lasers, it happens to be valid for the devices used in this experiment, where as estimated from the measured threshold current density (see Fig. 1 ) is also 1.5 ps.
The lasers used in these small-signal modulation experiments were grown by MBE in the GaInAs-AlInAs material system, and are based on the so-called "three-well vertical" design of the active region [29] . In practice, parasitic effects in both the laser chip and package limit the modulation bandwidths of actual devices. For our experiments, these were minimized using previously developed approaches [50] , [51] . High-speed packaging was obtained by bonding the QC laser bar to a 50-m microstrip line, and by using a cryogenic semirigid cable, connected to the stripline via the appropriate adapter, to deliver the radio frequency (rf) signal to the laser. Furthermore, we used a rather thick (5 m) insulating layer underneath the laser top metal contact in order to reduce its bypass capacitance, which provides the main contribution to the chip parasitics (see inset of Fig. 1) . A chalcogenide glass (Ge Se ), deposited over the QC laser waveguide by pulsed laser ablation, was used for this purpose. This material was chosen because it was found to have all the required attributes [51] , including low absorption at mid-IR wavelengths.
The devices (from wafer D2642BA), consisted of 1.25-mm long, 4.5-m-wide ridges; very similar data were measured from all other devices tested. Fig. 1 shows the light output and bias voltage versus current of one of the devices tested for CW operation at a heat sink temperatures of 20 K. The corresponding threshold is 2.4 kA/cm at 20 K. This and other devices were tested up to temperatures of 100 K. Fig. 2(a) shows the modulation response traces of this device, for different values of the dc bias, and hence photon density, at a temperature of 20 K. These traces were normalized to the experimental frequency response of the receiver, which is known from frequency response measurements of the packaged QWIP [55] , so that they only reflected the modulation response of the QC laser. The modulation response of a second laser measured at liquid nitrogen temperature is plotted in Fig. 2(b) , showing identical behavior. Regarding the laser cutoff frequency, we notice first of all that the traces of Fig. 2 cannot be simply fit by a single-pole frequency response function, in particular because of the low-frequency shoulder observed in all these traces up to about 2 GHz. Aside from this feature, which we ascribe to residual parasitic effects, the traces of Fig. 2 remain relatively flat up to roughly 7 GHz. Given the estimated capacitance across the chalcogenide layer, pF, and the differential resistance of the laser above threshold, (inferred from the data of Fig. 1 ), this indicates that the modulation response is still, to a large extent, RC-limited.
In any case, the most striking feature of the data of Fig. 2 particularly if compared with the results of similar experiments with typical interband diode lasers-is the absence of any resonance peak. As previously discussed, in interband lasers relaxation oscillations introduce a resonance in the modulation response at their characteristic frequency. This frequency, given by the real part of (1), depends on the laser properties (most notably the differential gain and the photon lifetime), and varies roughly as the square root of the optical power. In typical diode lasers slightly above threshold, it is on the order of several tenths to a few gigahertz. In contrast, no such resonance is observed in any of the traces of Fig. 2 . There are some features that resemble weak resonance peaks (e.g., near 6 and 8 GHz), but they remain exactly the same as the laser optical power is varied [by over one order of magnitude in Fig. 2(a) ], in contrast with (1) . Once again, these small features are attributed to parasitic effects, in particular in the laser package (the high-speed cryostat), given that they appear essentially unchanged in the frequency response of different lasers. It is also important to mention that no sign of relaxation oscillations was found over a wide range of dc bias, including values approaching the CW threshold (e.g., ), for which, no matter how fast the laser intrinsic response is, the relaxation oscillation frequency would eventually enter the relatively low-frequency range tested. These results, therefore, provide strong evidence for the absence of relaxation oscillations in QC lasers. We emphasize that this is a unique property of intersubband lasers that could prove quite important in the use of these devices as high-speed data sources, particularly in applications where linearity is important.
B. High-Speed Digital Modulation
In this section, we present results of QC lasers, also taken from sample D2642BA discussed in Section II-A, packaged and processed for high-frequency modulation [56] . The light output was transmitted over a distance of 1 m and detected with the previously discussed QWIP. In CW operation (at a temperature of 20 K, but similar results were obtained up to 85 K), the light output characteristics displays an almost linear slope of 0.51 W/A between 150 mA, corresponding to laser threshold, and 300 mA, suitable for high-frequency modulation and digital data communication.
To demonstrate the capability of QC lasers in high-speed digital communications, the devices were modulated with a nonreturn-to-zero (NRZ) pseudo-random bit stream (PRBS) from a bit error rate (BER) test system. Fig. 3 shows typical eye diagrams observed for a bit long pattern (amplitude 2 V, corresponding to 20 dBm rf power) at a data rate of 2.5 Gb/s. Fig. 3(a) shows the measured signal for a heat-sink temperature of 20 K and a dc current of 300 mA, while Fig. 3(b) corresponds to a heat-sink temperature of 85 K and a slightly lower dc current of 250 mA. In general, a clear and open eye is observed in both cases. However, some deviation in the average "1" and "0" levels can be observed, which we attribute to heating and cooling of the laser due to preceding long "on" and "off"-times. This effect can be prevented e.g., using return-to-zero (RZ) modulation, which is especially suitable at higher data rates, and at operating temperatures of the laser close to its maximum CW temperature. The device used in these measurements exhibited a small modulation response that remained relatively flat up to roughly 7 GHz, which is adequate for high-speed broadband transmission. This response is still fully parasitics-limited, and nearly independent of the dc current, as discussed in the previous section.
BER measurements were performed and error-free data transmission (BER 10 ) was observed for both temperatures and over the entire range of dc current tested (175 mA to 300 mA). In all cases, "open eyes" as those shown in Fig. 3 were obtained. To quantify the power margins needed for error-free data transmission, a variable beam attenuator was included in the beam path. In Fig. 4 , the obtained BER is plotted against the optical attenuation, showing the expected exponential decrease with decreasing attenuation. The threshold value for 10 BER transmission is reached around 3 dB attenuation, which corresponds to a received modulation power of 500 W ( 3 dBm). Similar results were obtained for attenuation of the electrical modulation amplitude. This relatively high value in comparison to fiber optic communication systems (1.3 m or 1.55 m) is attributed to the lower quantum efficiency and higher noise equivalent power ( 20 dBm) of the QWIP detector as well as to the above discussed deviation in detected digital level.
III. OPTICAL COMMUNICATIONS WITH QC LASERS
The two important windows (3-5 m and 8-13 m) where the atmosphere is relatively transparent can be advantageously used not only for the detection of many trace gases and vapors, down to parts-per-billion in volume (see the accompanying review paper by Kosterev and Tittel), but also for optical wireless communications.
Bridging the "last mile" link in high bandwidth telecommunication infrastructure has revived interest in free space optical (FSO) propagation links. Current commercial efforts are based on advanced fiber lasers and detectors in the 1.55 m wavelength regime with high bandwidth (2.5 Gb/s) as well as long distance (4 km) links [57] . Nevertheless, link reliability and maximum achievable distance are determined by atmospheric transmission losses. In particular, light scattering and scintillation effects turn out to be the dominant loss sources for FSO links [57] . Both attenuation effects exhibit a drastic dependence on the laser frequency favoring longer wavelengths. Attenuation due to Rayleigh scattering decreases with wavelength as . In addition Mie-scattering is also reduced for wavelengths greater than the average diameter of atmosphere particles (typically 1 m). Finally, interference effects at longer wavelengths require longer optical path length differences, thus reducing losses due to scintillation effects. Altogether, nearly one hundred times lower losses can be expected in the second atmospheric window ( -13 m) in comparison to short wave IR transmission for clear weather conditions (10 km visibility) [58] . For lower visibility conditions this advantage is even greater.
In this section, we discuss experiments by our group on mid-IR optical wireless transmission with QC lasers. Faist and coworkers report related measurements in their paper in this issue. QC lasers, in light of their high bandwidth and expected ultra-low chirp associated with the projected negligible alpha parameter [2] should be suitable as directly modulated light sources for high-bit-rate fiber-optic communications in the near IR (1.55 m), if they can be made in a heterostructure material with large enough band discontinuities. AlN-GaN has that property; an effort has been started by Gmachl and Ng at Bell Labs aimed at demonstrating such QC lasers. Measurements in suitably designed quantum-well structures have shown strong intersubband optical absorption at fiber-optic wavelengths [59] .
A. Indoor Mid-IR Optical Wireless Experiments
For a first demonstration of communication applications, the setup shown schematically in Fig. 5 was used [60] . Three millimeter-long, 19-stage chirped SL QC lasers ( sample D2433) were used. A detailed characterization of the optical and electrical properties of these lasers can be found in [61] . Neither the laser packaging nor its processing were optimized for high-frequency operation by reducing parasitic capacitances. The QC laser was held at a constant temperature of 80 K in a liquid nitrogen cryostat and was driven with a continuous current of 550 mA, slightly below threshold (570 mA). In order to monitor the received light level independently, a low-frequency, lowlevel dither (10 kHz, 1% modulation, LF source) was combined with a high-frequency signal representing the communication signal. As an example, we used the audio and video data contained on North American television channel 3 (10-MHz bandwidth, centered at 66 MHz), supplying a 1-peak-to-peak signal. The combined electrical current directly drove the QC laser above threshold and caused an amplitude-modulated light output. The emitted radiation had an average power of 10 mW at 7.347 m. The light, collected using a ZnSe lens, was transmitted over a distance of 70 m and focused on a biased, liquid nitrogen cooled high-frequency HgCdTe detector (Sagem HgCdTe 011) with an identical lens. The detected signal was amplified by 20 dB using a matched amplifier and acquired using a HP 8560 spectrum analyzer.
The optical beam path allowed distances between laser and detector from 2 m to a maximum of 70 m, limited by the size of the laboratory. The low-frequency part of the detected electrical signal was extracted using a second bias-Tee and used to monitor the amplitude of the detected signal on a lock-in amplifier, whereas the high frequency part of the signal was directly fed in to a television receiver (HF monitor). With increasing distance, the signal level at the detector dropped by more than 10 dB, which can be attributed to laser beam spreading as a result of limited focusing capability of the optics used. Nevertheless, the transmitted picture and sound remained without any noticeable quality loss. As example, the transmitted (upper part) and the original 250 100 pixel segment of a picture (640 480 pixel) showing a blue-black graphic is shown in Fig. 6 . No distortion of the picture and only a slight increase of the noise was observed due to the FSO transmission, which ran continuously and stably for more than 8 hours in several tests. These analog modulation measurements give limited information on the quality and overall performance of the FSO QC laser link. Experiments using digital modulation and advanced modulation schemes (QPSK) of light transmitted over larger distances in an outdoor environment are described in the next section.
B. Outdoor Mid-IR Optical Wireless Experiments
This section describes the outdoor atmospheric transmission of complex data (multimedia satellite channels) with a mid-IR ( m) QC laser and compare the performance of this link to one operating in the near IR ( m) [62] . The upper part of Fig. 7 shows schematically the optical setup of the transmission link. The QC-lasers (from sample D2642BA) and their packaging were discussed in Section II-A. The emission of the QC laser was collimated using an ZnSe-lens and then transmitted across an open-air 100 m path to a retroreflector, mounted on another building of Bell Laboratories in Murray Hill. The reflected QC-laser light was collected using a telescope with an aperture of 76 mm and a high-speed liquid-nitrogen-cooled mercury cadmium telheride (MCT) detector (Sagem HgCdTe 011). To compare the effect of the longer wavelength on the link quality and stability, a second beam was included in the path, originating from an 0.85-m diode laser (10-mW output power) and detected with a standard Si-detector using a beamsplitter to combine the two beams, and a Ge window for the separation after the telescope. To ensure an identical beam path and easy adjustment of the telescope, the optics for the outgoing beam and for the detection were rigidly connected to the telescope, ensuring a stable setup.
The lower part of Fig. 7 shows schematically the electrical setup of the QC laser and of the detection system. The signal was received from a satellite dish on top of the building using a low noise block down converter (LNB)-module. This high-frequency signal (750 MHz-1.45 GHz) was combined with a dc current to drive the QC laser continuously above its threshold. The modulated laser radiation was transmitted over the total distance of 200 m before it was detected by a HgCdTe detector. The dc component was split off with a bias-Tee and used as monitor of the received laser intensity. The high-frequency part was additionally amplified and fed into a spectrum analyzer, as well as into a standard satellite set-top-box that was connected to a TV monitor.
Under typical QC laser operating conditions (500-mA dc current at a temperature of 25 K), the link could be run continuously and stably for at least 5 h. Due to the beamsplitter and the multiple optical elements in the outgoing beam path, only 7.5 mW of the initial 25-mW output power were actually used for the transmission. About 10% of the original intensity (0.75 mW) could still be detected under good weather conditions after the transmission and the collecting telescope optics. The simultaneously transmitted beam with a wavelength of 0.85 m had comparable losses; therefore, these are attributed to beam spreading and losses in the optical elements which, in our system, depend weakly on wavelength. A typical example of the transmitted data stream is shown in the upper part of Fig. 8 . The modulation in the frequency region from 900 MHz to 1.45 GHz contains the digitally encoded information (QPSK-code: quadrature phase shift keying) consisting of around 800 television channel and additionally 100 radio channels. The dashed line in Fig. 2(a) represents the original signal received from the LNB, whereas the solid line shows a typical signal detected after the QC laser-link. Due to the limited bandwidth of the used detector (nominally 1 GHz), the channels in the higher frequency region were detected with a 10-dB loss compared to the original signal. This loss leads to an incomplete transmission of the data, reducing the number of actually decoded channels to around 650. The link power margin is 7 dB, corresponding to a received power of 0.125 mW, below which the receiver becomes unstable. As an example of the quality of the link, the lower part of Fig. 8 displays a screenshot of a transmitted television picture, showing one advertising page from the digital satellite provider.
To evaluate the advantage of the longer wavelength relative to the collinearly propagating near-IR beam (0.85 m), the intensity of the latter was monitored in parallel. For typical and progressively dissipated during the measurement. The inset is a logarithmic plot of the ratio of the two curves in the main graph and represents the time evolution of the difference of the optical losses at the two wavelengths as the structure of the fog changes.
weather conditions including sunshine, strong rain, as well as thunderstorms, no differences in sensitivity were observed. Nevertheless, a strongly pronounced deviation was observed during a dense fog situation, with nearly zero visibility. Fig. 9 shows the temporal evolution of the detected dc intensities for both laser links, starting at a very dense fog situation in the early morning of 8/15/01. As the fog lifted slowly around 3:15 a.m. The QC-laser link regained transmission much quicker than the near-IR link. The QC-laser link had reached transmission of nearly 70% of its optimal value, when the intensity of the near-IR link was still below the detection limit. As a result, around 4:00 a.m., the mid-IR television link became stable again, whereas the near-IR link was still unstable for almost another hour.
For a more quantitative discussion, the logarithm of the ratio of the signal strengths of the two links, which is a measure of the difference in their optical losses, is plotted versus time in the inset of Fig. 9 . This difference peaks at a value of 25 km , which is 250 times larger than the calculated value between the wavelengths of 8 and 1.3 m for a condition of typical haze (visibility 10 km) [58] . The clearly better performance of the QC-laser link compared to the near-IR link can readily be understood from the wavelength dependence of Rayleigh-and Mie-scattering. Additionally, the particular shape of the curve in the inset of Fig. 9 is related to the anticipated change in the size and distribution of the water droplets as the fog density and structure changes with time. The mid-IR link is much less affected by these fluctuations due to the considerably longer wavelength. This effect can also be seen from the smaller intensity fluctuations of the QC-laser link over time (see particularly around 4:20 AM).
IV. ULTRASHORT PULSED OPERATION OF QC LASERS
This section summarizes our recent work on ultrashort pulse generation in QC lasers. Gain switching and active and passive modelocking will be discussed. The short relaxation times of electrons in QC lasers and the photon lifetime, which are both of the order of a picosecond in these lasers, make them particularly well-suited for the generation of ultrashort mid-IR pulses. In fact, until this work, the mid-IR spectrum lacked compact and convenient ultrafast laser sources.
A. Gain-Switching
We have applied a simple gain-switching technique to a QC laser in order to generate ultrashort mid-IR pulses, which are then directly measured with a QWIP [50] . The QC laser is gain switched with a comb generator. This device, when driven with a sinusoidal voltage waveform of the appropriate frequency and power, generates a train of electrical pulses having full-width at half-maximum (FWHM) as short as 90 ps, depending on the driving voltage. The output of the comb generator is combined with a dc current in a bias "tee" to drive the laser, which is mounted inside a cryostat. The QC laser is a 1.5-mm-long -m device. The detector used in the experiment is a GaAs-AlGaAs QWIP with a responsivity peaked at 8 m. The nominal bandwidth of this detector is approximately 12 GHz, mainly limited by the package parasitics and, to a lesser extent, by its time constant. A typical detected mid-IR pulse is shown in Fig. 10(a) . A FWHM of 89 ps and a rise time of 71 ps are measured; the repetition rate is 100 MHz.
B. Active Modelocking
Active modelocking of semiconductor lasers is achieved by modulating the laser current at the cavity round-trip frequency so that a large number of longitudinal modes are driven above threshold and locked in phase to one another by the modulation side-bands of their neighboring modes. Typical interband lasers are short enough that the corresponding round-trip frequencies are prohibitively large (100 GHz), so that an external cavity configuration is often used to reduce the modulation frequency. On the other hand, optimum performance of QC lasers is achieved with relatively long devices (typically 1.5-3 mm) so that a monolithic approach is actually more suitable. We used 3.75-mm-long devices properly processed and packaged for high-speed operation, with a corresponding round-trip frequency close to 12 GHz, and observed active modelocking of QC lasers, the first reported in a mid-IR semiconductor laser [51] .
Direct evidence of modelocking is presented in Fig. 10(b) , where we show several optical spectra of the laser output that correspond to different values of the drive frequency near the laser round-trip frequency (11.653 GHz, in this case). In this measurement, the laser is biased with a dc current of 900 mA, approximately 11% above the CW threshold. When the detuning between the drive frequency and the round-trip resonance is sufficiently large (70 MHz), as in the top and bottom traces of Fig. 11(b) , the spectrum, measured with a Fourier transform interferometer (FTIR), consists of a single lasing mode with its modulation side-bands. As the detuning is decreased, more and more modes are brought above threshold by their neighbors' side-bands, indicating effective modelocking; at resonance, the spectrum comprises more than 40 modes in this case. This behavior was observed for the entire temperature range of CW operation of this device, up to over 120 K. The phase-locked nature of these multimode spectra was verified by detecting the laser output with the fast QWIP and analyzing the power spectrum of the resulting photocurrent. While no detectable signal was found with the laser drive frequency sufficiently detuned from the round-trip frequency, at resonance, we observed a large peak centered at the laser round-trip frequency, indicating strong modulation of the output optical power.
As a result of phase locking, the amplitudes of the lasing modes add coherently to produce a periodic time-varying optical waveform. Conclusive information about the temporal characteristics of such mode-locked waveforms is traditionally obtained with second-order autocorrelation measurements. At present, however, these are not well developed in the mid-IR, especially at the relatively low peak power levels of these lasers. In any case, an indicative test of pulsed emission is provided by the linear autocorrelation traces generated by the Michelson interferometer in the FTIR. This technique is illustrated in the next section for the case of passive modelocking, and gives an estimate for the pulse width of 5 ps for the present active modelocking case.
C. Self-Modelocking (SML)
Because of their large oscillator strengths, intersubband transitions are characterized by some of the largest optical nonlinearities ever observed [24] . Furthermore, intersubband carrier relaxation is controlled by an extremely fast (picosecond) mechanism, namely, scattering with optical phonons. This combination allowed us to demonstrate a new kind of SML mechanism associated with the intensity-dependent refractive index (often referred to as the optical Kerr effect) of the lasing intersubband transition [52] . This nonlinearity consists of a refractive index that varies with the optical intensity according to the approximate expression . The SML mechanism of our QC lasers is illustrated in Fig. 11 , together with a schematic cross section of the laser waveguide structure (inset). If the nonlinear index of the QC-laser active material is positive, the center part of the beam transverse profile, where the intensity is higher, experiences a larger index relative to the edges. The resulting nonlinear dielectric waveguide increases the beam confinement near its center, and hence narrows the beam diameter to an extent proportional to the optical power. This effect is known as self-focusing or Kerr lensing, and is illustrated schematically in Fig. 11 , which refers to the waveguide lateral direction (inset). A smaller beam diameter, in turn, leads to decreased mode interaction with the external gold contacts. In particular, it reduces the Fig. 11 . Illustration of saturable absorption mechanism leading to passive mode-locking in QC lasers. The refractive index profile and resulting intensity distribution of the fundamental waveguide mode along the lateral direction (parallel to the active layer) is shown, along with a cross section of the laser waveguide. Self-focusing occurs in the lateral direction due to the strong refractive index nonlinearity (optical Kerr effect) of the active region associated with the intersubband optical transition: if the intensity increases (going from the dashed to the continuous curves), the index near the center of the waveguide increases, and the beam is correspondingly more tightly confined. As a result, light absorption associated with the penetration of the mode in the metallic regions saturates with increasing intensity.
beam coupling to the high-loss plasmon mode at the metal/dielectric interface, which is a major source of waveguide losses in QC lasers. The net result is a decrease in the optical losses with increasing intensity, i.e., a saturable loss mechanism, which is the fundamental ingredient for SML. Basically, in the presence of such a mechanism, it becomes favorable for the laser to emit ultrashort pulses because of their higher instantaneous intensity and, hence, lower losses relative to CW emission, in which the output energy is spread uniformly over time.
A peculiar feature of this proposed mechanism is that the SML optical nonlinearity is provided by the lasing transition itself, as opposed to some other intracavity nonlinear medium typically present in other SML lasers. This is possible in QC lasers because of the giant and ultrafast nonlinear response of the lasing intersubband transition. We emphasize that SML by Kerr lensing has never been previously observed in semiconductor lasers, although a similar mechanism is used with some solid-state lasers such as Ti : sapphire lasers.
Several QC lasers were used in this work, emitting at either 5 or 8 m, and whose main distinctive feature is an unusually long cavity length (3.5 mm). The experimental evidence of SML operation is summarized in Fig. 12 . First, over a wide range of dc bias, the lasers were found to emit an extremely broad (up to half of the gain spectrum) multimode spectrum, characterized by a smooth multipeaked envelope. A series of these spectra is shown in Fig. 13(a) , for a 3.5-mm-long 8-m QC laser at 80 K. At the same time, these devices were found to self-pulsate at their cavity round-trip frequency. This was ascertained by detecting their output with the fast QWIP, and displaying the resulting photocurrent in a spectrum analyzer. A sharp feature centered at the laser round-trip frequency (13 GHz in this device) was observed, whose peak power corresponds to a modulation amplitude of the laser beam of the order of the measured average optical power. This feature results from the mutual beating of adjacent modes in the optical spectrum; its large magnitude, strong stability, and narrow width (typically less than 100 kHz) indicate a good degree of phase locking among the lasing modes. An example is shown in Fig. 13(b) . The arrow that is off the molecular resonance shows the region where the intensity fluctuations are measured whereas the arrow on the side of the molecular resonance corresponds to the region where the frequency fluctuations are measured. The thick segment represents the region of the profile that is used to determine the frequency-to-intensity conversion factor.
As mentioned in the previous subsection, an indication of picosecond pulsed emission is obtained from the linear autocorrelation traces generated by the FTIR [inset of Fig. 12(a) ]. The idea is that in the presence of ultrashort pulses, the interference fringes making up these traces can only occur when pulses from the two arms temporally overlap on the detector. The result is an autocorrelation trace consisting of narrow spikes at delay times equal to multiples of the pulse separation time, which is exactly what is observed in the inset of Fig. 12(a) . In particular, the negligible amplitude of the fringes between the spikes indicates that the laser is, indeed, emitting a train of ultrashort pulses with good modulation depth.
Furthermore, the oscillatory envelopes observed in the optical spectra of Fig. 12 (a) are also consistent with short laser pulses, in particular undergoing strong self-phase modulation. Namely, in the presence of a quadratic refractive index nonlinearity, the optical field develops a time-varying phase proportional to the pulse intensity profile. As a result, the optical spectrum broadens and develops an oscillatory envelope [as in Fig. 12(a) ], resulting from interference among Fourier components of equal frequency at different temporal positions in the pulse. Furthermore, from the shape of the optical spectra of Fig. 12(a) , we obtained an estimate for the pulse duration ( ps) [52] . We emphasize that this is an approximate result, primarily because it does not account for the effect of group-velocity dispersion. Finally, a slow pyroelectric detector was used to measure the emitted average power. The peak power of the pulses can then be estimated, given the knowledge of their width and repetition rate; values ranging from several hundreds of milliwatts to well over a watt were obtained, depending on the operating conditions.
For direct evidence of Kerr lensing, we measured the far-field beam profile under CW and SML operation. In this experiment, we used an 8-m QC laser, in which SML was found to be non self-starting. This device exhibits single-mode CW emission when dc biased; modelocking can be achieved by modulating the current at the round-trip frequency, as in active modelocking; the laser then remains in the modelocked state even after the modulation is switched off. This laser is ideally suited to this measurement because it allows us to compare the CW and SML cases at the same bias, temperature, optical alignment, etc. As shown in Fig. 12(c) , we clearly found that the far-field beam profile under SML conditions is broader by more than 10% than in CW operation, corresponding to a narrower beam inside the waveguide. Therefore, at the higher instantaneous power levels inherent to pulsed emission, the beam does undergo self-focusing. The ratio in beam diameter between the CW and the SML case was found to increase with dc bias, and hence optical power, which is also consistent with Kerr lensing.
Finally, theoretical calculations [52] indicated that at optical frequencies just slightly (100 GHz and higher), detuned from the center of the gain curve, the nonlinear index of the laser transition is large enough ( 10 cm /W) to explain both the shape of the optical spectra of Fig. 12(a) and the observed self-focusing of Fig. 12(c) . We can then argue that the SML is, indeed, initiated by the nonlinear index of the lasing transition itself. Also, notice that self-focusing requires a positive value of , whereas the nonlinear index changes sign at the center of the laser transition , due to the Kramers-Kronig relationships. The optical bandwidths observed under conditions of SML extend over several hundreds of gigahertz around , so that they sample both signs of . However, the experimental observation of self-focusing indicates that the centers of mass of the SML spectra lie at frequencies lower than , where is positive. This was also consistently observed in our spectral measurements. We argue that SML is initiated by modes at these frequencies through the Kerr-lens mechanism described above; once they are locked in phase, their mutual beating produces a large enough modulation of the laser gain to bring several other modes above threshold.
V. LINEWIDTH AND FREQUENCY STABILIZATION OF QC LASERS
The fact that the optical transition in QC lasers is intersubband rather than interband has a profound consequence not only on their time dynamics, associated high-speed response, and modulation properties, but also on their linewidth.
Photon generation in diode lasers results from a conductionband electron recombining with a hole in the valence band. The distribution of states of the two bands with opposite curvature results in an asymmetric gain curve with respect to frequency so that the laser linewidth is greater than that predicted from the Schawlow-Townes formula by a factor of ( ) [63] , which can range from 5 to 30 [64] , [65] . The parameter accounts for variations in the refractive index of the gain medium, and therefore in frequency jitter of the lasing mode, which result from fluctuations in the population inversion. On the other hand, in QC lasers, photons are generated as the injected electrons cascade down an energy "staircase" in the conduction band of a multiple-quantum-well hetero-structure. Since transitions occur between discrete subbands of the same band, i.e., subbands having the same sign of curvature, the laser gain spectrum is expected to be symmetric as in gas and solid-state lasers and well approximated by a Lorentzian. Thus, the -factor is expected to be near zero [11] , [7] , and the intrinsic laser linewidth for QC lasers is predicted to be narrower than for diode lasers operating in the same spectral region.
A. Linewidth of Free-Running QC Lasers
This section discusses describes recent measurements of the linewidth of QC lasers by Myers, Taubman and Williams at the Pacific Northwest National Laboratory [65] . Since the laser frequency and output power depend on the injection current and the temperature, frequency-stable operation requires a current source with low current noise and excellent dc stability.
To evaluate the laser frequency stability, one typically uses techniques that are based on converting laser frequency fluctuations into intensity variations. As shown in Fig. 13 , we have used the steep slope of a Doppler-limited nitrous oxide (N O) absorption feature to transform small frequency changes into measurable intensity variations, thus allowing a reliable measurement of the QC laser linewidth. This method allows one to apply simple gas absorption cell techniques to characterize the frequency noise. In order to verify that these measurements are not limited by either laser power fluctuations or the noise floor of the detector/preamplifier, the changes in the transmitted light through an absorption cell when the laser is tuned to the side of a strong ro-vibrational resonance of N O were compared to the intensity changes when the laser is tuned off of the molecular resonance and when the laser beam is blocked.
The free-running m QC-DFB devices were installed into a liquid nitrogen dewar without any further temperature stabilization. The current controllers were improved to reduce parasitic noise from the controller, which can contribute to -type frequency noise and, therefore, to the measured linewidth. A sawtooth modulation (typically 1 kHz) can be superimposed upon the dc current to sweep the laser frequency over an absorption profile. With an injection current around 600 mA, the QC laser produces approximately 20 mW of optical power under these conditions. A fraction of the collimated CW laser output was passed through a 15 cm long absorption cell filled with approximately 1 torr of nitrous oxide, N O. About 40 W of the transmitted light was focused onto a biased MCT photovoltaic detector connected to a custom low-noise trans-impedance amplifier with a 2 MHz bandwidth. The signal was recorded with a digital oscilloscope and transferred to a PC for further analysis.
A spectrum containing several absorption features was obtained by scanning the laser over 6 GHz and averaging the transmitted intensity (Fig. 13) . The frequency scale was calibrated from the known frequencies of the observed transitions using the HITRAN database [67] . An accurate frequency-to-intensity conversion factor was obtained from the strong ro-vibrational molecular resonance located at 1174.90 cm by extrapolating the slope in the half-height region of this absorption feature (Fig. 13 ). This approximation is justified since the maximum excursions do not exceed 1% of the peak absorbance. The laser was then tuned to the side of this transition by manually adjusting the laser current source to the appropriate dc level and measuring the transmitted light for 15 ms by recording the ac filtered output of the detector/preamplifier with a 1 Ms/s sampling rate and 11-bit analog-to-digital conversion resolution. The intensity variations of the transmitted light were converted into relative frequency fluctuations using the inverse slope (Hz/V) calculated from the side of the N O rovibrational resonance. The laser was then tuned off the molecular resonance to record the laser power fluctuations. Similarly, the noise floor of the detector/preamplifier combination was determined by blocking the laser beam. Fig. 14 shows the data from these three measurements.
The fast-Fourier-transform (FFT) of the relative frequency fluctuations yields the frequency noise spectral density (Hz/ Hz), which is plotted on a bilogarithmic scale in Fig. 15 as a function of the Fourier frequency. The noise spectral density represents the square root of the power spectral density normal- ized to a 1-Hz bandwidth and is determined up to the Nyquist frequency of 500 kHz for these measurements. The dashed line in Fig. 15 represents the detector/preamplifier noise floor, which is a combination of the shot-noise from the substantial room temperature blackbody radiation striking the detector and the current noise from the preamplifier circuit. As shown in Fig. 15 , the frequency noise exhibits a -type dependence out to 500 kHz, where it begins to blend in with the detector/preamplifier noise floor. Furthermore, no spectrally flat region, or "white" noise, was observed in these measurements; therefore, the Lorentzian component of the laser linewidth, or the fast linewidth, cannot be determined. An increase in signal-to-noise ratio along with improved detector/preamplifier bandwidth is necessary to further explore the frequency dependence of the frequency fluctuations. The noise floor can be reduced by using cold IR band-pass filters to minimize the amount of blackbody radiation striking the detector in conjunction with improved preamplifier circuits and detectors.
Since the QC lasers exhibit increasing noise at lower frequencies, the linewidth depends on the observation or averaging time. A Gaussian lineshape was fit to a histogram of the relative frequency fluctuations in order to present the standard deviation of the center frequency. This analysis reveals that during the 15-ms measurement, the laser's frequency is within 150 kHz of the mean 68% of the time. Consistency between different devices is also observed, since similar results are obtained for a different QC laser operating at m. The redesigned laser current controllers have substantially reduced the frequency fluctuations, since previous measurements, using earlier versions of the current controller, indicated a frequency stability of 1 MHz over the 15-ms measurement time in free-running DFB QC lasers operating at similar wavelengths [68] .
B. Frequency Stabilization by Side-Locking
Tuning the laser on the side of a molecular resonance allows one to convert frequency fluctuations into intensity fluctuations as explained in the previous section and illustrated in Fig. 14. The detector, therefore, records deviations from the frequency set point on the side of the resonance that can be used as the error signal in a feedback loop to frequency stabilize the laser. This is the basis for the well-known side-locking frequency stabilization technique previously used in the stabilization of our CW QC lasers [68] . The detector signal and that from a reference detector, which records the laser intensity at the input of the cell for normalization purposes, are fed to the modulation input of the QC laser current controller to stabilize its fluctuations. By means of beam splitters and of an out-of-loop detector, called the witness detector, one monitors the performance of the laser frequency stabilization by detecting frequency to amplitude variations produced as the laser passes through a gas cell containing either N O or NH . For these experiments, the cryogenically cooled 8.5-m DFB QC lasers were operated CW 150 mA above threshold (400 mA) and produced 10 mW of CW optical power at 77 K. Due to intentional misalignment of the laser collimation lens (to reduce optical feedback), the received power on each of the three detectors did not exceed 150 W. From these side-locking experiments, the laser linewidth [full-width-at-half-maximum (FWHM)], described by a Lorentzian profile, was inferred to be 12 kHz [68] .
C. Pound-Drever-Hall Locking and Relative Frequency Stabilization of Two QC Lasers
An application such as precision sub-Doppler spectroscopy requires reduction of the high frequency spectral noise components of the laser, resulting in a narrower effective linewidth. This, in turn, requires servo control loops with minimal delay and sufficient bandwidth to allow useful access to this high frequency information, but also very high gains at lower frequencies to remove noise and drifts. In this section, we describe our recent successful relative frequency stabilization of two QCLs, locked to separate optical cavities using highly optimized servo loops based on the Pound-Drever-Hall technique [69] - [71] . We present 5.6-Hz FWHM beat notes between these two systems that are stable for periods up to a second. This represents an effective reduction from the free-running linewidth of 150 kHz of these same lasers, discussed in the previous section, by a factor of over 25 000.
In the Pound-Drever-Hall technique, the laser is locked to the center frequency of a molecular resonance or of a cavity mode. In the present measurements, the DFB-QC laser is frequency locked to an external Fabry-Perot optical cavity, as illustrated in Fig. 16 . The laser output is phase modulated so that the light contains the carrier frequency and two sidebands, which are separated from the carrier by the modulation frequency. The carrier is coupled into the optical cavity, but the sideband frequencies (typically 5-40 MHz) are chosen to lie outside of the resonator passband and are reflected from the input cavity mirror. The reflected beam is guided by polarization-selective optics to an optical detector. This reflected signal contains the field from the sidebands and a small portion of the carrier that is reflected off the input cavity mirror and a second field that results from the carrier inside the cavity leaking back through the input mirror. These fields are combined onto the photodetector, which measures the overall intensity (i.e., the square of the combined fields). The relevant high-frequency information within the detector signal is recovered and lowered to baseband using a double-balanced mixer (DBM). The output of the DBM, which appears as the first frequency harmonic or a first derivative, generates an error signal corresponding to the frequency mismatch between the cavity resonance and the laser frequency. The feedback circuitry uses this error signal to produce a correction signal that is fed back into the QC laser current controller to bring the laser in resonance with the optical cavity by rapidly adjusting the injection current.
Relative frequency stabilization measurements between two lasers are typically taken using adjacent modes of a single optical cavity [72] , [73] . This relaxes some of the stringent engineering requirements for two fully independent optical cavities stable enough to facilitate this measurement [74] . Since we are here primarily interested in the fast laser linewidth, we can relieve the engineering constraints for a system with two optical cavities even further than those in a traditional single-cavity experiment using the technique described below.
Sample beams from two QC-DFB lasers, locked to two separate, unstabilized, nonconfocal Fabry-Perot cavities using the Pound-Drever-Hall technique described above, are combined on a separate fast HgCdTe detector. The resulting heterodyne beat frequency between the two cavity-locked lasers drifts too quickly due to thermal and acoustic fluctuations in cavity length to be able to take a precise measurement (at low resolution bandwidth the time required to take the measurement increases). In order to overcome this difficulty, the heterodyne beat frequency is compared to a reference oscillator in a separate tracking servo circuit. This circuit generates a control signal that is fed into one cavity fitted with a piezo-controlled mirror to lock the relative frequency between the heterodyne beat and the oscillator, thereby allowing sufficient time for high-resolution measurements. Thus, we are able to measure the relative linewidth between two cavity-locked QC-DFB lasers with most of the cavity noise suppressed. This method is a simpler technique than the more common approach of vibrationally and thermally isolating the cavity. Since we are actively controlling one cavity, we are susceptible to any mechanical resonances that the cavity possesses (this is why we see the 2-kHz noise artifacts in Fig. 17 ). In summary, the additional servo loop forces the two locked laser-cavity systems to track one another at frequencies in the low audio band, thus suppressing relative frequency drifts and low-frequency noise and allowing a narrow bandwidth spectral measurement to be taken. The presence of this third loop means that this measurement is not fully independent, but since its gain and bandwidth are far inferior to the two main Pound-Drever-Hall locking loops it is unable to further modify the fast relative linewidth of the two stabilized systems. The heterodyne beat signal from the detector was both observed directly on a swept spectrum analyzer, and also mixed down into the 100-kHz range using a DBM and local oscillator. This allowed the signal to be observed using a FFT analyzer with very narrow resolution. The central feature in Fig. 17 shows a typical heterodyne beat note obtained using the FFT analyzer, which represents the relative linewidth of the two cavity locked lasers. It has a Lorentzian width of 5.6 Hz, and a Gaussian width of 2 Hz, the latter corresponding to the analyzer bandwidth. The other peaks at approximately 2-kHz spacings are caused by acoustic noise in the cavity systems beating with the central feature. Our tracking technique allows this sensitive beat measurement to be performed despite this noise.
VI. FAR-INFRARED QC LASERS
Operation of a QC laser at long wavelengths ( 15 m), beyond the range of state-of-the-art mid-IR QC lasers, requires a major redesign of the active region. The goal is to: 1) increase the injection efficiency; 2) maximize the oscillator strength of the optical transition; 3) increase the optical confinement of light in the waveguide, without resorting to prohibitively thick layers; and 4) reduce light absorption by free carriers, which can become a serious problem at long wavelengths. Previous work at wavelengths in the 16-19 m range [49] , [75] , [76] , i.e., at the boundary between the mid-IR and far-IR, has shown that the first two objectives can be achieved using a suitably designed SL active region, originally demonstrated for shorter wavelengths [35] . In this design, reflection symmetry of the SL and optimum spatial overlap of the states of the optical transition is achieved without using conventional doped SL active regions, which broadens the gain spectrum and increases laser threshold. We have adapted this structure to wavelengths well into the far-IR region. Fig. 18 shows a schematic energy diagram of our recently demonstrated far-IR 24 m QC laser [37] . Laser action takes place across the minigap ( meV) between the second (II) and first (I) minibands, with a large calculated optical dipole matrix element ( nm). Extreme care has been taken in order to keep the energy separation between the individual states of the upper miniband close to the longitudinal optical (LO) phonon energy ( meV). This facilitates fast electron relaxation into the upper state of the transition. Narrow barriers, a few tenths of nanometers thick, are necessary to achieve this task. The ratio between the nonradiative scattering time between the laser levels ( ps) and the calculated lifetime of the lower laser level (at the top of miniband I) ( ps) ensures population inversion. The active regions are bridged by specially designed injectors which extract electrons from miniband I of one SL active region and inject them into miniband II of the following one. The strong funnel shape of the injector miniband assures high electron injection efficiency into the upper state of the laser transition. Sixty-five active region/injector stages were grown, preceded by a 1500-nm n-type doped GaInAs layer and followed by two GaInAs contacting layers (40 nm doped to 10 cm and 10-nm ultrahigh -doped). The wafers were processed into 36-m-wide and 750-m-long ridge waveguides. After deposition of a silicon dioxide layer on the sides of the mesa for insulation purposes, back and top metal contacts were deposited. The top contact leaves a wide portion of the stripes open for deposition of a metallic 300-nm-thick gold layer.
A. Surface Plasmon QC Laser
Laser action at such long wavelengths requires a fundamental redesign of the waveguide. The metal/semiconductor waveguide used for this purpose is very different from conventional ones. Semiconductor diode lasers and QC lasers at shorter wavelengths rely on conventional dielectric optical waveguides based on a higher refractive-index core sandwiched between cladding layers of lower refractive index to confine light to the active region. They further achieve high-wavelength selectivity using Bragg reflections from a grating embedded in the optical waveguide in the immediate vicinity of the active region (DFB lasers). Due to the small refractive-index difference between the semiconductors of the core and the cladding, the total thickness of the waveguide layers becomes difficult to handle for state-of-the-art growth techniques at wavelengths 15 m. These problems are compounded by the greatly increased waveguide losses at long wavelengths due to light absorption by electrons introduced by doping of the injector and cladding regions, the so-called free-carrier absorption. In fact, the absorption coefficient for the latter process increases roughly proportional to [4] . Maxwell's laws of electromagnetism, however, allow another type of optical confinement based on surface plasmons propagating along the interface between two different homogenous materials. These TM-polarized electromagnetic modes, which have maximum intensity at the interface and rapidly decay away from the latter (exponentially), exist provided the dielectric constants of the two materials have real parts of opposite sign. Negative dielectric constants are typical of metals below the plasma frequency. Surface plasmon modes at a metal-semiconductor interface are a useful waveguiding solution for QC lasers. This is due to the intrinsic TM polarization, i.e., normal to the layers, of light emitted by intersubband and interminiband transitions and to the fact that a smaller thickness of grown material (no upper semiconductor cladding layer unlike in dielectric waveguides) is required with an attendant larger optical confinement factor (fraction of the laser mode in the active region). At shorter wavelengths ( 10 m), a conventional dielectric waveguide requires a moderate amount of epitaxially grown material, while the reduced thickness and enhanced confinement of a surface-plasmon solution is not enough to counterbalance the increased losses due to the penetration of the mode into the metallic layer. At longer wavelengths (typically above 17 m) instead, a surface plasmon waveguide is always advantageous since the penetration depth (skin depth) in the absorptive metallic layer-and therefore the waveguide lossesare reduced with respect to a dielectric waveguide of comparable thickness. The crossover between the two situations is near 13-15-m wavelength and depends on several parameters, such as the maximum achievable epitaxial layer thickness, which depends on the specific growth system.
The feasibility of mid-IR lasers based on surface-plasmon waveguides was originally demonstrated by our group [48] . However, the performance of these devices could not compete with that of traditional dielectric waveguide structures because of the relatively short wavelength (8-11 m) . In the last few years, the development of QC lasers with SL active regions has made longer wavelengths (up to 17 m) accessible to III-V semiconductor materials. At these wavelengths, the epitaxial layer thickness was close to the upper practical limits of modern molecular-beam epitaxy ( 10 m), since a conventional dielectric waveguide was used [75] . By employing instead a structure with the metallization laid directly on top of the 35 active-regions/injectors stack, which supports surface plasmon modes, only 4-m-thick epitaxial material were used for the realization of a 17-m QC laser [49] , as opposed to the 9-m-thick dielectric waveguide counterpart at the same wavelength [75] . The almost twice as large confinement factor also resulted in a substantially lower threshold, leading to much higher optical powers.
Calculations of the fundamental mode of a dielectric and a metal-semiconductor QC laser waveguide designed for m are shown in Fig. 19 . The waveguide losses are designed to be equal in the two cases ( cm ). Note the very high confinement factor of the surface plasmon waveguide. Only 6.5 m of epitaxial material were used as opposed to the prohibitively thick 14 m needed for a conventional dielectric waveguide. [49] , and of a CW QC laser [76] , respectively. Fig. 21 shows the optical power versus current characteristics in the pulsed mode at various temperatures for a -m laser. Several mW of peak power at or above liquid nitrogen temperatures have been measured.
B. Double-Surface Plasmon QC Laser
Further waveguide improvements can be expected using a double-surface plasmon waveguide in which the lower low doped GaInAs cladding layer between the stack of periods and the InP substrate is replaced by a very heavily doped -GaInAs layer or a metal [77] . Three laser structuresl corresponding to different wavelengthsl have been grown by molecular beam epitaxy using lattice matched In Ga As/Al In As on InP substrate. The active regions and injectors, which are identical to the ones used in [36] , were embedded between two 400-Å-thick InGaAs layers -doped to 1 10 cm and between two For the realization of the double-metal waveguide, an epilayer transfer process was employed. As a first step, the surface of the epilayers was metallized with a 2-m-thick gold layer: this is one of the two surface-plasmon-carrying layers and, at the same time, the wafer-bonding layer. The samples were then wafer bonded at 210 C with an In/Pb alloy (30% Pb) to GaAs substrates, which were previously evaporated with 1500-nm-thick Au. Finally, the InP substrate was mechanically thinned and completely removed by selective etching with 35% HCl. The etching stops at the bottom 200-Å-thick layer and only the InGaAs-AlInAs epilayers bonded to the GaAs substrates are left. On this sample, that is the active region bonded to a GaAs substrate, lithography and processing were then performed.
Standard laser ridges of various widths (30-45 m) were defined by lithography and wet-chemical etching. A low temperature dielectric was needed for insulation, instead of the standard SiO or SiN: an 800-nm-thick chalcogenide layer (GeSe) was laser deposited under an angle of 45 to ensure coverage of the ridge walls. After opening a window into the insulation layer, a Ti-Au top contact was deposited, leaving a wide portion of the top of the ridges open for the deposition of a second, 300-nm-thick surface-plasmon-carrying gold layer. The devices were then cleaved into laser bars and soldered to copper blocks, or removed from the GaAs substrates and directly attached to the copper block for better electrical and thermal contact. Bond wires were finally attached to the top contact with a conducting silver epoxy, in order to avoid ultrasonic bonding.
The intensity profile for the mode (shown in Fig. 22 for the m laser) was calculated using a transfer-matrix technique. As expected, a high confinement factor is obtained ( ), with waveguide losses of 38 cm . The same samples were additionally processed with standard single-sided surface-plasmon processing [36] , [49] in order to perform a comparison between the two different waveguiding solutions. The low-doped ( 1-4 10 cm ) InP, due to its lower refractive index compared to that of the InGaAs-AlInAs layers, gives actually a good confinement ( ) with low waveguide . Insert: pulsed (30-ns pulse width, 100-kHz repetition rate) emission spectrum of a typical device. The spectrum was measured in rapid scan using a Nicolet Fourier transform IR spectrometer and a DTGS detector. The spectral resolution was set to 0.125 cm .
losses ( cm ), despite the presence of the 200-Å-thick bottom contact layer. At these wavelengths, the two waveguide approaches, single and double surface plasmon, are theoretically almost equivalent regarding their performance: the penetration depth into the metal layer just becomes small enough making a full metal waveguide possible but, at the same time, confinement on one side via the low-doped InP substrate is still a viable solution. With increasing wavelengths instead the performance of the double-metal waveguide improves, while for the single-sided surface-plasmon waveguide, the penetration of the mode into the doped substrate leads to an increase of the loss. The full metal waveguide makes it thus possible to use only one waveguide concept from the far-IR to the millimeter waves. Fig. 23 shows the threshold current density as a function of temperature for two QC lasers emitting at m and processed with a double-metal waveguide (full circles), and a single-sided surface-plasmon waveguide (open squares), respectively. A typical low-temperature (5 K) laser emission spectrum for a double-metal waveguide QC lasers emitting near 21 m is shown in the inset. The temperature behavior is similar in the two cases, in agreement with the similar waveguide losses, but the double-metal device exhibits a slightly lower maximum temperature of operation (170 C instead of 180 C), probably due to worse thermal sinking. A 21.5-m QC laser (with an identical and equally thick active region) with a double-sided surface-plasmon waveguide, where the low-doped buffer layer is replaced by highly doped -InGaAs, was previously realized (see [36] ). Its threshold current density (marked by an arrow in Fig. 23 ) was much higher, due to the stronger penetration of the mode into the layer. The double-metal waveguide completely solves this problem and it seems a much better waveguide for an extension to even longer wavelengths, into the terahertz range. While completing this paper, we have been informed that Tredicucci and his group at the University of Pisa have recently demonstrated the first terahertz ( m) QC laser [37] . Based on AlGaAs-GaAs heterostructures grown by MBE, it uses a SL active region and a partially metallic waveguide (single surface plasmon) for optical confinement. It operates up to temperatures of 40 K with a peak optical power of 2 mW at 5 K.
VII. CONCLUSIONS
We have discussed recent developments on important new topics in QC laser research, that are crucial for their applications in sectors such high-resolution spectroscopy, ultrahigh sensitivity detection of trace gases, optical wireless and for extending their reach to new wavelength regions. Among future exciting directions that the Bell Labs group has started to pursue, we would like to mention the electric beam steering of QC lasers (possible because of the non electrically neutral active region under operating conditions) [12] , and deformed microdisk QC lasers at very long wavelengths that should allow the detailed investigation of wave-chaos phenomena [78] , [79] , such as chaosassisted tunneling, and photonic gap devices. She spent two years at JILA as a National Research Council Postdoctoral Fellow with NIST, Boulder, CO, where she applied nonlinear frequency generation to produce narrow-band, tunable infrared light to probe different molecular systems. She joined Pacific Northwest National Laboratory, Richland, WA, in 2000, where she is currently a Senior Research Scientist in the Remote Sensing and Electro-Optics Group, National Security Division. She is involved in evaluating and characterizing quantum-cascade lasers for novel applications in infrared sensing and spectroscopy.
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